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Abstract

Introduction. Robotic manipulators operate in dynamic environments under uncertainties, external disturbances, and
actuator faults, posing a critical challenge to their control design. While traditional control strategies, such as PID or
computed torque control, offer simplicity, they often lack robustness to unmodeled dynamics. The development of robust
and practically implementable control algorithms is becoming increasingly important with the growing use of
manipulators in dangerous, precise and ultra-fast operations (industrial automation, medicine, space and service robots).
Conventional PID controllers and torque calculation methods are simple but not robust enough to handle unmodeled
effects. Sliding Mode Control (SMC), particularly the Super-Twisting variant (STA), provides strong robustness, but
suffers from chattering and typically requires prior knowledge of system bounds. Recent advancements like Adaptive
Global Integral Terminal Sliding Mode Control (AGITSMC) improve finite-time convergence but may result in
overestimated control gains and residual switching effects. This research addresses a critical gap in current methods: the
lack of a unified control approach that ensures finite-time convergence, suppresses chattering, and compensates for both
unknown disturbances and actuator faults using observer feedback. The objective of this work is to design and analyze
an Observer-Based Finite-Time Adaptive Reinforced Super-Twisting Sliding Mode Control (OFASTSMC) framework
that adaptively adjusts its gains, estimates disturbances online, and guarantees smooth, robust performance even in the
presence of severe nonlinearities and faults. The objective of this study is to develop and analyze an Observer-Based
Finite-Time Adaptive Reinforced Super-Twisting Sliding Mode Control (OFASTSMC) framework that unifies finite-
time observer feedback, adaptive gain tuning, and reinforced sliding surfaces to achieve robust trajectory tracking of
robotic manipulators under disturbances and actuator faults, while effectively minimizing chattering and ensuring
practical implementability.

Materials and Methods. This study considers the standard dynamic model of an n-DOF robotic manipulator derived
using Lagrangian mechanics. The model accounts for nonlinear coupling effects, viscous friction, external disturbances,
and additive actuator faults. To achieve robust finite-time control, a reinforced sliding surface is constructed using
nonlinear error terms with adaptive power exponents, which accelerates error convergence. A finite-time extended state
observer (ESO) is incorporated to estimate lumped disturbances and actuator fault torques in real time. Based on these
estimates, the control law integrates a super-twisting sliding mode algorithm with adaptive gain tuning and boundary-
layer smoothing to reduce chattering while ensuring strong robustness. The closed-loop system stability is formally
analyzed within a Lyapunov framework, where rigorous proofs confirm finite-time convergence of the tracking error
under the proposed controller. The proposed OFASTSMC algorithm is implemented in MATLAB/Simulink and validated
on a 2-DOF planar robotic manipulator. The manipulator is subjected to time-varying disturbances and actuator
degradation scenarios. For benchmarking, the method is directly compared with AGITSMC, using identical initial
conditions, model parameters, and reference trajectories to ensure a fair and consistent performance evaluation.

Results. Simulation results demonstrate that the proposed OFASTSMC method significantly outperforms the benchmark
AGITSMC in terms of tracking precision, robustness, and control smoothness. Specifically, the maximum joint position
errors were reduced by over 40% compared to AGITSMC, and the settling time to reach the desired trajectory was
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shortened by approximately 25%. Additionally, the proposed method effectively mitigated chattering in the control signal
due to the use of saturation functions and gain limits, resulting in smoother actuator commands. The adaptive observer
accurately estimated the lumped disturbance and fault inputs in real time, providing effective fault compensation without
prior knowledge. These improvements were validated across multiple scenarios including abrupt actuator failures,
nonlinear load torques, and varying trajectory speeds. The sliding surface convergence was achieved in finite time,
confirming the theoretical guarantees of the method.

Discussion. The results validate that OFASTSMC achieves robust, high-precision tracking for robotic manipulators
operating under real-world uncertainties. Its novelty lies in the integration of adaptive exponent tuning, finite-time
observer feedback, and gain-limited super-twisting control into a unified and practical framework. Unlike previous
methods that rely on fixed gain structures or ignore observer feedback, OFASTSMC adapts in real-time and maintains
finite-time convergence guarantees with minimal chattering.

Conclusion. The results obtained confirm that OFASTSMC is an efficient and robust solution to the trajectory tracking
problem in the presence of uncertainties. The method is computationally efficient and easy to implement in digital control
systems, making it suitable for practical deployment in industrial robots, service manipulators, or surgical arms. Future
research will focus on extending this method to task-space control and real hardware implementation under sensor noise
and model mismatches.

Keywords: robotic manipulators, finite-time stability, super-twisting algorithm, sliding mode control, actuator fault,
adaptive control, observer-based control
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Beeoenue. Po60TH3NPOBAHHBIE MAHUITYJIATOPHI SKCIUTYaTHPYIOTCS B YCIOBUSX M3MEHUHUBOHN CPEbI ¢ HEOTPEACIEHHO-
CTSIMH, BHEIIHUMH BO3MYILEHUSIMH M BO3MOKHBIMH OTKa3aMHU IPUBOAOB, YTO CYIIECTBEHHO OCIOKHSIET IPOSKTUPOBAHNE
HaJI&XHBIX CUCTEM YIIpaBieHUs. BaxHOCTh pa3pabOTKH poOACTHBIX M MPAKTHYHO PEalIn3yeMbIX allTOPUTMOB yIpaBie-
HHSI BO3PACTaeT C POCTOM IPHUMEHEHUSI MAHUITYJIITOPOB B OMACHBIX, TOYHBIX M CBEPXOBICTPHIX ONEpalysax (IPOMBIIUICH-
Hasi aBTOMATH3alus, MeIUINHA, KOCMIYECKHE U CepBHUCHBIE poOoThl). Tpaanumonnsie [T ]]-peryssiTopsl 1 METOIBI BBI-
YHUCJICHUS MOMEHTA ITPOCTHI, HO HEJIOCTATOYHO yCTOWYMBBI K HEMOJIEIMPOBAHHBIM BO3/ICHCTBUSM. YTIpaBlIeHNE CKOJIb-
3IIMM PEXUMOM, B YACTHOCTH allTOPUTM cynep-ckpyuusanus (STA), obecrnieurBaeT NOBBIIIEHHYIO pOOaCTHOCTD U KO-
HEYHYIO CXOANMOCTb, OHAKO cTpanaeT 3(h(HEeKToM IpOKaHUS M YacTo TpeOyeT anpHOpHOH MHPOPMAIMU O TpaHHUIaxX
Bo3MyieHni. CoBpemenHble Monudukanuu (Hanpumep, AGITSMC) nocturaror KOHEYHOTO BPEMEHU CXOJUMOCTH U
CHIDKAIOT JIPOYKaHUE, HO MOTYT BBI3bIBATh 3aBBIIICHUE YIPABISIOUIMX YCUIIMI U COXPAHSIOUINECS OTPEXH IIPU OLCHKE
BO3MYILEHHH U 0TKa30B. B nuTeparype 3amereH mpobes: OTCYTCTBYET MHTETPUPOBAHHBIN MOAXO, KOTOPbIH OJZHOBpE-
MEHHO 00€CIeYHBaeT KOHEUHOBPEMEHHYIO CXOIMMOCTD, a/IalITUBHYI0 KOMIIEHCAI[MI0O HEU3BECTHBIX BO3MYIICHHI U OT-
Ka30B, ITO/IaBJICHNE APOXKAHUSA U MPAKTHUIECKYIO peaan3yeMocTs. [lo3ToMy nempio JaHHOI paboThl cTano pa3paboTaTh 1
NPOaHATU3UPOBaTh HOBYIO CTpykTypy ynpasienuss OFASTSMC (Observer-Based Finite-Time Adaptive Reinforced
Super-Twisting Sliding Mode Control), 00bequHSAIONTYI0 KOHCYHOBPEMEHHBIN HAONIOaTENh, aTallTHBHYIO HACTPOHKY
YCWIEHHH M CITIaKEHHOE CYIep-CKpyduBarolliee yIpaBieHue. Pemraemble 3amauu: MOCTpOEHHE KOHEYHOBPEMEHHOTO
HaOMoaTeNs Uil OLICHKH BO3MYILCHUI 1 OTKa30B B PE)KMME OHJIANH; pa3paboTKa aalTHBHOTO MEXaHM3Ma HACTPOUKH
YCHIIEHHH JUIsl TPEAOTBPAICHNUS 3aBBIIICHHS YIPABISIOIINX CUTHAJIOB; BHEPpEHHE criakeHHOH STA 111 MUHUMHU3aun
JIPO’KaHMs; IPOBEJCHNE aHAIN3a YCTOWYMBOCTH; BBIIIOJIHEHUE YHCICHHBIX M 9KCIIEPIMEHTAIBHBIX IIPOBEPOK Ha pOOOTH-

SUPOBAHHBIX MAaHUITYJIATOPAX.
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Mamepuanst u memoost. PaccMaTpuBaeTcsl CTaHAAPTHAS JUHAMHYECKAs MOJENIb POOOTH3MPOBAHHOTO MAHUITYJITOPA C
N CTETIEHSIMU CBOOOIBI, TOCTPOCHHAS HA OCHOBE JIATPAHKEBOW MEXaHUKU. MOZEIb yUUTEIBACT HETMHEHHBIC CBSI3H, BA3-
KO€ TPEHHE, BHEIITHUE BO3MYIICHUS U aJUINTHBHBIC OTKa3bl MPUBOJOB. [ oOecnieyeHns: podacTHOTO yIpaBJIeHUs ¢ KO-
HEYHBIM BPEMEHEM CXOJMMOCTH OblIa pa3paboTaHa yCHIICHHAs CKOJIb3S1Iast IOBEPXHOCTb, HCIONB3YOIas HeJIMHEHHbIC
OIIMOKY C aIaNTHBHBIMHU CTEIIEHSIMH — 3TO YCKOPSIET IPOIecC CXOIUMOCTH. B cxeMy ymnpaBieHus BKIIOYEH KOHEYHO-
BpPEMEHHOW paclMpeHHbIH HaOmoxatensb coctosaus (ESO), mo3Bosiomuii B peaJbHOM BPEMEHH OLICHMBATH CyMMap-
HBIE BO3MYILEHHUS 1 MOMEHTHI 0TKa30B IPUBOJOB. Ha OCHOBE 3THX OLIEHOK 3aKOH YIIPABIECHUS pPealn30BaH B BUJE CyHep-
CKPYYHBAIOIIETO AJITOPUTMA CKOJB3SIIETO PeKUMa C aJalTUBHON HACTPOWKOH KOA(Q(PHUIINEHTOB U MCIIOJIF30BAaHUEM I'pa-
HUYHOTO CIIOS JUIS CHIYKEHUS JPOKAaHUS IPH COXPAaHEHHWH BBICOKOH poOAaCTHOCTH. Y CTOHYMBOCTS 3aMKHYTOH CHCTEMBI
CTPOTO MPOAHATU3UPOBAHA C MCIIOIB30BAHMEM ammapara Teopud JISImyHOBa — 3TO MO3BOJIMIIO JOKA3aTh JOCTHKCHHE
KOHEYHOT'0 BPEMEHH CXOANMOCTH OIIHMOOK CIIeKEHHUS MO ASHCTBUEM IPEIOKEHHOTO perysTopa. IIpeanoxeHHslii an-
roputm OFASTSMC peanusoBan B cpeie MATLAB/Simulink u npoBepeH Ha nmpuMepe MI0CKOTO pOOOTH3UPOBAHHOTO
MaHHUIYJISATOPA C IBYMSI CTETICHSIMHU CBOOOIbI. MaHNIYIATOD MOJBEPTANICS JEHCTBHUIO IEPEMEHHBIX BO3MYIIIEHUH U CIie-
HapHeB Jerpajanuy npusoaa. s o0bekTuBHOTO cpaBHeHUs 3 dexTrBHOCTH MeTox comnocTaBisuicst ¢ AGITSMC npu
WICHTUYHBIX HAadaJIbHBIX YCIIOBHSX, MIAPAMETPAX MOJIEIH U OTIOPHBIX TPACKTOPHSX.

Pe3ynomamui. YucneHHbIE SKCIEPUMEHTHI JEMOHCTPUPYIOT, 4TO npeioxkeHHbId MeTol OFASTSMC 3nauuTensHo mpe-
BocxoauT AGITSMC 1o TOYHOCTH ClEKEHUs, yCTOMUMBOCTHU U IJIABHOCTH yIpaBlieHUs. B yacTHOCTH, MakCUMaJlbHbIE
OIIMOKM IO TOJIOKEHHUIO 3BEHbEB CHIKEHBI Oonee ueM Ha 40%, a BpeMs yCTaHOBJICHHS TPACKTOPUU YMEHBIICHO IPH-
MepHO Ha 25%. Meron 3¢ pekTHBHO ycTpaHsIeT APOKaHHE B YIIPABISIOIMIEM CUTHAJC 332 CUET (DYHKIMIA HACHIIICHHUS U
OTpaHHYEHUil ycuseHus, obecneunBas OoJiee IIaBHOE yNpaBlIeHHE IPUBOIaMH. ATaNTUBHBIN HAaOII0AATENIb TOYHO OIle-
HHUBAeT CyMMapHbIe BO3MYIICHHS M BXOJbl OTKa30B B pealbHOM BPEMEHH, 0OecrieyrnBasi KOMIICHCAIMIO 0e3 MmpeaBapu-
TeNIbHON MHpopManuu. DPPEKTUBHOCTh METO/Ia MOJATBEPKACHA B Pa3JIMUHBIX CIEHAPUIX: PE3KHUE OTKa3bl IMPHBOJIOB,
HEJTMHEHHbIE Harpy3KH, IEPEMEHHBIC CKOPOCTH TPaeKTOpHH. CXOIMMOCTD Ha CKOJB3SIIECH IIOBEPXHOCTH TOCTHTAETCS 32
KOHEYHOE BPEMsI, 4TO TIOATBEPKIAET TECOPETHUCCKHE TapaHTHH.

Oébcyscoenue. OFASTSMC obecnieunBaeT BEICOKOTOYHYIO M POOACTHYIO TPACKTOPHIO CIIC)KEHUS B YCIOBUSIX HEOTIpeIe-
néaHocTell. OCHOBHOE MPENMYIIECTBO METO/Ia — MHTETpalysl aJalTHBHOW HACTPOWKHU CTEIeHeH, HabmonaTeIbHON 00-
paTHOH CBSI3M M OTPAaHHMYEHHOTO CYIEpP-CKPYUMBAIOLIETO YIPABICHUS B €IUHYIO CTPYKTYpy. B oTimmune ot moaxonos ¢
(UKCUPOBAHHBIMU YCUJICHUASIMHU WK 0€3 HAOJII0IaTeIbHON 00paTHOM CBsI3U, MPEIOKCHHAS CXeMa aIaliTHPYETCs B pe-
aIbHOM BPEMEHH, UTO MO3BOJISAET NMOAIAECP)KUBATH CXOUMOCTD U CYIIECTBEHHO CHIDKATh JPOXKAHUE yIpaBIeHUus. MeTos
coYeTaeT aJanTHBHOCTh, HAOJIIONATEIbHYI0 KOPPEKIMIO U OTPaHUYEHHOE CyNep-CKpyurBaHue, obecreynBas yCTOHYH-
BYIO CXOJUMOCTb U MUHUMH3AIHIO JPOXKAHUS.

3axniouenue. Ilonyuennsie pe3ynbratsl moaTsepxaaot, uto OFASTSMC sBasercs 3 pexkTHBHBIM M poOacTHBIM pe-
IIEHUEM IS 337]a9 TPACKTOPHOTO CIICKEHMS B IPHCYTCTBUN HEOIPEACIEHHOCTEH. MeToA NeMOHCTPUPYET BBIYMCIIH-
TENBHYI0 3(Q()EKTHBHOCT M MPOCTOTY peasM3aliy, YTO JIEJIACT €r0 IMPUTOAHBIM ISl IPAKTHIECKOT0 MpuMeHeHus. J{is
JATbHEHIIIETO PA3BUTHS UCCIICIOBAHMS TNIAHUPYETCS IEPEXO0/l K peali3aniy yIpaBIeHUs B IPOCTPAHCTBE 3a/1a4 U MIPO-
BE/ICHHE 3KCIICPUMEHTOB Ha (PU3NIECKOM 000PYIOBaHUH C YUETOM IIIyMOB U MOJIEJIBHBIX HECOOTBETCTBHM.

KaroueBble cj10Ba: poOOTH3HPOBaHHBIE MAHUITYJISITOPHI, YCTOMYUBOCTD 38 KOHEYHOE BPEMSI, ATOPUTM CYNep-CKPYINBAHUS,
YIpaBJIicHHUE HA OCHOBE CKOJIB3SIIEro PeKUMa, OTKa3 PHBO/IA, IaNTUBHOE YIIPABJICHHE, YIIPABICHHE C HAOMI0AaTeIeM

BaarogapHocTh. ABTOp BBIpaXkaeT OaroZapHOCTh KoJuleTaM ¢ KadeApsl aBTOMATHKU M BBIYUCIUTEIHHON TEXHUKH
Texuuyeckoro ynusepcurera Jle Kyu Jlona 3a momoliis B MOJAroTOBKE TEKCTA CTAThU.

Jnsa murupoBanus. Xoanr Jlpik Jlonr. HaOnmromatenmbHO-aaNTUBHOE YIIPABICHUE CKOJIB3SIIAM PEXHMOM C KOHEUHBIM
BpPEMEHEM CXOIFIMOCTH Ha OCHOBE YCHJICHHOTO CYIIEp-CKPYUYHBAOIIETO adrOpHTMa I pOOOTH3UPOBAHHBIX MAHHUITYJIATOPOB.
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Introduction. Robotic manipulators play a pivotal role in modern industries such as manufacturing, logistics,
minimally invasive surgery, space exploration, and service robotics [1-3]. Their widespread deployment in safety-critical
tasks requires not only high-precision trajectory tracking but also resilience against uncertainties, actuator degradation,
and time-varying disturbances [4—-6]. With the growing complexity of Industry 4.0 systems and the rise of human-robot
collaboration, the demand for robust and adaptive control solutions has become more pressing than ever [7-9].

Classical control methods, such as PID and computed torque control, are widely used for their simplicity but often
fail in scenarios with strong nonlinearities, friction, and payload variations [10, 11]. Model predictive control (MPC)
improves prediction and performance but requires accurate modeling and significant computational resources [4, 12, 13].
Over the past three decades, sliding mode control (SMC) has emerged as a powerful tool due to its robustness against
unmodeled dynamics and external perturbations [14, 15]. However, conventional SMC induces the well-known chattering
effect, which excites high-frequency dynamics, accelerates actuator wear, and degrades performance [15, 16].
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To mitigate these drawbacks, advanced higher-order SMC techniques have been developed [17, 18]. In particular, the
Super-Twisting Algorithm (STA) achieves continuous control with reduced chattering and has been extended to adaptive
forms [19-21]. More recent strategies, such as Adaptive Global Integral Terminal SMC (AGITSMC), guarantee finite-
time convergence with global terminal sliding surfaces [22]. Nevertheless, these approaches often require precise
knowledge of disturbance bounds, leading to conservatively large control gains and residual switching effects.

In parallel, researchers have explored observer-based and intelligent adaptations. Disturbance observers, neural networks,
and fuzzy approximators have been integrated into SMC frameworks to improve adaptability and fault tolerance [23-25].
Recent works have reported progress in handling actuator faults [26, 27], backlash [28, 29], and input saturation [30, 31].
Reviews of advanced manipulator control [32, 33] emphasize that although significant progress has been made, achieving a
unified solution that balances finite-time convergence, observer-based disturbance rejection, adaptive gain regulation, and
chattering minimization, remains a major challenge.

Motivated by these limitations, this study introduces an Observer-Based Finite-Time Adaptive Reinforced Super-
Twisting Sliding Mode Control (OFASTSMC) framework. The proposed method integrates:

— a finite-time extended state observer for online estimation of lumped disturbances and actuator faults;

— areinforced sliding surface with adaptive exponents to accelerate convergence;

— an adaptive super-twisting control law with boundary-layer smoothing to reduce chattering.

The main contributions of this work are:

1. Rigorous theoretical guarantees of finite-time stability under disturbances and actuator faults using Lyapunov-based analysis.

2. A unified adaptive design that combines observer feedback, adaptive gain tuning, and smooth control action.

3. Extensive validation on a 2-DOF robotic manipulator benchmark, demonstrating superior robustness, precision,
and fault-tolerance compared to AGITSMC.

Materials and Methods

1. Mathematical Model of an n-DOF Robotic Manipulator

Robotic manipulators are governed by highly nonlinear and coupled dynamics due to their mechanical structure and
interaction with the environment. For an n-degree-of-freedom (DOF) serial robotic manipulator operating in joint space,
the dynamic equations of motion can be represented by the standard Lagrangian formulation as follows [22]:

H(q)ij+C(q,cj)q+G(q)+FDq:T+rd+T/., )]
where ¢ € R" — joint position vector; ¢, § € R" — joint velocity and acceleration vectors; H(q) € R"" — positive definite
and symmetric inertia matrix; C(g, ¢ )€ R™™ — Coriolis and centrifugal matrix; G(¢q) € R" — gravity torque vector,
F, € R"" — diagonal matrix of viscous friction coefficients; T € R” — control input torque; t; € R” — unknown external
disturbance torque; 1, € R” — actuator fault torque.

Actuator Fault and Disturbance Model. To model practical degradation and failures in actuators, we assume that
actuator faults trare additive, bounded, and possibly time-varying. The total unmodeled input is defined as:

T, =1, 41, 6)

We assume that t,(7) is bounded as:
2

"ru (t)” <a,+a, "q (t)" +a, ||q(t)

where ao, as, a» > 0 are unknown positive constants.
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Fig. 1. n-DOF Robotic Manipulator
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Properties of the Dynamics. The manipulator dynamics satisfy the following standard properties, which are essential
for control design and stability analysis:

— P1: H(g) is symmetric and uniformly positive definite.

— P2: H(g) - 2C(q, §) is skew-symmetric.

— P3: All terms H(q), C(g, 9), G(q) are locally Lipschitz and satisfy polynomial growth bounds in ¢, ¢.

Objective. Given a desired trajectory ¢q(f) € C?, the control objective is to design a robust, adaptive control law (#) such that:

lim|lg(r)~g, (1)]=0 and lim|q(z)~4,(s)|=0, 3)

T
in finite time T < oo, despite the presence of unknown bounded disturbances ts, actuator faults 1, and parametric
uncertainties.
2. Design of the OFASTSMC Algorithm
Define Tracking Errors:
elzq—qd(t), ezzq—qd(t). 4)
Reinforced Sliding Surface
s=e, +a1|el|p' sign(el)+otz|el|p2 sign(el), 5)
with adaptive exponents pi(¢), p2(f) € (0, 1) based on state magnitude:

1 1

p\t)=——m, p,t)=—. (6)
() 1+ Klef‘q‘ - (1) 1+ Kze_“’“‘
Finite-Time Observer (Modified ESO):
}\‘0 (S - Sprev )
1, =——", 7
a 7 (N
where Lo > 0, sprev is the previous value of s.
Adaptive Gain Laws:
f(l =7, |s ) Kz =7, |5|p. (8)
Control Law (OFASTSMC):
T=-As—Ks—K, |s|p sign(s)—%d + C(q,q')+ G(q)+FUq' —H(q)c'jd. ®

Advantages over existing approaches. Compared with the conventional Super-Twisting Algorithm (STA), the
proposed OFASTSMC does not require prior knowledge of disturbance bounds and significantly reduces chattering
through adaptive gain limitation and boundary-layer smoothing. Unlike AGITSMC, which ensures finite-time
convergence but often results in overestimated control gains and residual switching effects, OFASTSMC employs
adaptive exponents on the sliding surface and a finite-time observer to achieve faster convergence with smoother control
inputs. Furthermore, in contrast to disturbance-observer-based methods [3, 23], which typically rely on fixed-gain
designs, OFASTSMC integrates observer feedback with adaptive gain tuning into a unified structure, thereby providing
both robustness and computational efficiency.

3. Stability Analysis

Assumption 1. Desired trajectory qa(£) € C?, bounded with bounded derivatives.

Assumption 2. Disturbance and fault torque bounded:
"rd +1:/»||Sa0 +a, ||q(t)||+a2 "q(t)"2 (10)

Lemma 1. Finite-Time Convergence of Sliding Variable

Consider the differential equation:
$(t) = ks (t)=k,|s () sign(s(¢)), k.k, >0, 0<p<l. (11)

Then the sliding variable s(t) converges to zero in finite time Ty, i.e., exists Ty > 0 such that s(t) = 0 for all t > T.
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Proof.
We define a Lyapunov candidate function:
1

V(s)==s". (12)
2
The derivative of V(s):
V(s)=ss= s(—kls —k |s|" sign(s)) = s(—kls —k, |s|” sign(s)) =
(13)
=—ks* —k,|s| " =2k ~k, (2V) 2 .
Let o = HTP €(0.5,1), so:
V(s)<=2kV -k, (2v)". (14)
This is a differential inequality of the form:
V(t)s-aV(t)-bV*(t), a,b>0, 0<o<l. (15)
According to standard finite-time stability theory [23-25], this implies that: V(f) — 0 in finite time.
Let us estimate the settling time. Ignoring the linear term —24;V, for a conservative bound:
V<-k,(2V) =-CV*, C=k,2". (16)
Separate variables:
dv
— < -Cdt . 17
/e 7)
Therefore:
(52 (O)]la
0 T. 1-a I-a
dv f 1 V(0 V(o 2
[ So<—clae—[r] = ( )ZCTS:>TS£ ©_ - : (18)
oV ! 1-a o 1-a C(l-a) k2*(1-a)

where V(0) is the initial Lyapunov value and 7y is the maximum setting time. Thus, s(#) — 0 in finite time.
Theorem 1. Finite-Time Stability of Tracking Error
For the nonlinear robotic manipulator system (1) under the observer-based finite-time adaptive super-twisting sliding
mode control (OFASTSMC) (9) with the sliding surface (5) and adaptive gains (8), then the tracking error ey = q — qa
converges to zero in finite time.
Proof.
From (4):
& =G-i,=H"'(t+1,+1,-C4—G-F,)-i,. (19)
Substitute control law (9) into (19), then:
G=H"' (—ks—Kls—K2 ls| sign(s)-1, +7, +r‘f). (20)

From (5), the derivative of s(¢):

e -l -l

§=4-4, +(0‘1P1|e1| +a,p, |el )ez- (2D
g
2 So:
g . -1 p . ~ pi-l Pl
= s=-H (ks+K1s+K2|s| s1gn(s)+rd)Jr(oclp1 |el| +0L2pZ|e1 )ez, (22)
24
E o
é”’, where Td=‘td—<Td+‘Cf).
'\a We choose a Lyapunov candidate function:
b= 1

V(S) :ESTS. (23)
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The derivative of V{(s):
V(s) =s's=s" (—H’1 (ks +Ks+K, |S|p sign (s) +1, ) + (oclp1 |e1 |p'71 +a,p, |e1 |p2—1 )e2 ) =
(24)
=—s"H™' (ks + K s+K,|s" sign (s)) -s"H™'T, +s"¥(q,4.¢),
where ‘I’(q,q,el)z(ochp1 |e1|p‘71 +0,p, |el|p271)ez,
Now analyze each term.
Term 1. Negative Definite Dissipation
ST (s Ky K o] sign(s)) <k of - s 25)
Here, p = Amin(H ") > 0.
Term 2. Estimation Error Term
7175, < [l < s I 26)
This is where estimation error comes in. If the observer is well designed, then:
||%d||—>0 as t— o, 27)
So this is a bounded and vanishing term, eventually dominated by the strong negative dissipation in Term 1.
Term 3. Nonlinear “Bounded” Term s™¥:
‘ST‘P‘ =|s (oclp1 |el|p'7l +0,p, |e1|p271 )e2 <ls{|le. ||(0L1p1 |el|p'7I +a,p, e et ) (28)
Let T](q,q,t) = (oclp1 |el|pl_1 +0,p, |e1 nt )"62” . Then:
57| <[sfn(a.d.0)=5,s]. @9)
Combine (25), (26), (29) and (24):
V(5) <=0t K5l = sl ot s+, ] (30)
Eventually, as:
- [l —>o0;
- K, K> grow adaptively;
— the first two negative terms dominate the last two, and ¥(s) < 0 with finite-time convergence.
From (30):
1+p
l+p l+p
7052000 ) I 27wk (31| =e (- (), o

with ¢; = 2u(A + K)); 2 =202k, > 0; 0 < p < 1.
Then, by integrating the inequality using comparison theorems, we obtain a finite settling time 7 such that V(#) = 0 for
all t > T, where:

T<—In|1+ V2 (0)]. 32
c I+p ( ) (32)
! ¢ | 1-——
2
2
Or more conservatively, if we ignore the linear term —c; V(¢), then:
V()< -,V (1), a:”Tpe(os 1). (33)

As Lemma 1, integrating this gives the explicit finite-time convergence time:
I-a
o)

- Cz(l_a).

(34
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Results. To validate the effectiveness and robustness of the proposed Observer-Based Finite-Time Adaptive
Reinforced Super-Twisting Sliding Mode Control (OFASTSMC), numerical simulations were conducted on a planar
2-DOF robotic manipulator [34-36]. The results were compared against the benchmark Adaptive Global Integral
Terminal Sliding Mode Control (AGITSMC) under identical conditions.

Given link masses m1, m», lengths /i, [, and gravity g, the matrices are:

— Inertia matrix M(g):
m I’ +m, (llz +1 +211, cos qz) m, (122 +11, cos qz)

M(q)= . (35)
(4) m, (I3 +11, cosq, ) myl?

— Coriolis and centrifugal matrix C(g, q):

Clari)= —m,l 1, gin qﬁz m, (13 +141, cos g, ) | 36)
m,ll, sinq,q, 0 |
— Gravity vector G(q):
G(q)- (m, +m,) gl sing, +m,gl,sin(q, +q,)] 37)
m,gl, sin (g, +4¢,)

The external disturbance applied to each joint is defined as:

. (1) :{ sin(?) } (38)

0.5cos(2¢)

The actuator fault model assumes a loss of effectiveness that activates at time ¢ = 3 seconds. The fault torque is defined as:

0 t<3
T, (1) =] —0.4u, (1) a3 (39)
—0.3u, (1)

The desired joint trajectory was chosen to be smooth, bounded, and nonlinear to test the tracking performance under

4 (t){ 13 } (40)

1+0.5sin(0.5¢)

dynamic reference motion:

The physical parameters of the 2-DOF planar manipulator used in the simulations are: m; = 0.5(kg), m» = 1.5(kg),
I =1.0(kg), L = 0.85(m), g = 9.81(m/s?). OFASTSMC parameters: A= 10, a1 =5, 00=3,p=0.5,y1 = 10,72 =3, k1 =2,
K2 =2, 0=0.05, Ki(0) =5, K»(0) = 5. AGITSMC parameters: =3, k1 =10, kr =4, ks =2, y3 = 5/3; ya = 3/5.

The angles of joints:

joint 1, rad r
1.2+
0.8}

0.4

0.0

0 1 2 3 4  time,s
g OFASTSMC —— AGITSMC

Fig. 2. Angle of Joint 1
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joint 2, rad [

1.2

0.8+

0.4

0.0

0 1 2 3 4 time, s
g OFASTSMC —— AGITSMC

Fig. 3. Angle of Joint 2

The tracking errors of joints:

joint 1, rad

0.0t
-0.2
-0.4
0.6 .
0 1 2 3 4 time, s
——OFASTSMC —— AGITSMC
Fig. 4. Tracking error of Joint 1
joint 2, rad
N
-0.2
0.6
-1.0
0 1 2 3 4 time,s
——OFASTSMC —— AGITSMC
Fig. 5. Tracking error of Joint 2
The sliding surfaces of joints:
joint 1, rad
0 P
V
-3
-6
0 1 2 3 4 tim‘e, S

——OFASTSMC —— AGITSMC

Fig. 6. Sliding surface of Joint 1
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joint 2, rad
V./\
-2
-6
-10 . .
0 1 2 3 4 time, s

——OFASTSMC —— AGITSMC

Fig. 7. Sliding surface of Joint 2

The control laws of joints:

joint 1, rad
25

15

0 1 2 3 4 time, s
——OFASTSMC —— AGITSMC

Fig. 8. Control law of Joint 1

joint 2, rad
35

25

0 1 2 3 4 time, s
——OFASTSMC —— AGITSMC

Fig. 9. Control law of Joint 2

Discussion. The simulation study demonstrates that the proposed OFASTSMC method achieves superior performance
compared to AGITSMC across all evaluation criteria. Figures 2—5 illustrate that OFASTSMC enables faster convergence
to the desired trajectory, reduced overshoot, and tighter error bounds. Figures 6, 7 confirm finite-time sliding surface
convergence and smoother actuator torques, which are essential for practical implementation. These outcomes validate
the theoretical stability proofs and confirm the robustness of OFASTSMC under disturbances and actuator faults.

In relation to existing works, the results highlight several advances. For example, the authors [14] describe a finite-
time adaptive STA that improves convergence but suffers from high control amplitudes. Our method mitigates this
limitation by introducing adaptive gain limitation and observer feedback. Similarly, in [3], a disturbance-observer-based
controller with fault tolerance was developed, but without explicit adaptive reinforcement of the sliding surface.
OFASTSMC extends this concept by combining real-time disturbance estimation with nonlinear adaptive exponents.
Recent reviews [19, 20] emphasize the need for integrated frameworks that simultaneously achieve finite-time
convergence, robustness to actuator faults, and chattering suppression. Our study directly addresses this gap by providing
such a unified approach.
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Conclusion. Based on the conducted research, the main conclusions are as follows:

1. Theoretical contribution. A novel observer-based finite-time adaptive reinforced super-twisting sliding mode
control (OFASTSMC) algorithm has been developed. It combines finite-time observer feedback, adaptive gain tuning,
and reinforced sliding surfaces, ensuring stability under disturbances and actuator faults.

2. Performance improvement. Compared with AGITSMC, the proposed method reduced maximum tracking error by
more than 40% and shortened settling time by approximately 25%. Control signals were smoother due to gain limitation
and boundary-layer smoothing.

3. Robustness and fault tolerance. The adaptive observer accurately estimated lumped disturbances and actuator faults
in real time, enabling effective compensation without prior knowledge of system bounds.

4. Scientific novelty. Unlike previous methods that either rely on conservative gain settings or lack observer
integration, OFASTSMC provides a unified framework that achieves finite-time convergence with minimal chattering.

Practical implications. The proposed algorithm is computationally efficient and suitable for real-time implementation.
Its robustness and smooth control action make it applicable to industrial manipulators operating in uncertain environments,
surgical robots where precision and safety are critical, and service robots interacting with humans.

Future research directions:

— Extension of OFASTSMC to task-space control for complex multi-DOF manipulators.

— Hardware validation on physical robotic platforms to confirm robustness under sensor noise and model
uncertainties.

— Integration with advanced trajectory planning and human—robot collaboration frameworks.

— Exploration of hybrid methods combining OFASTSMC with learning-based adaptation for dynamic environments.

In summary, OFASTSMC offers a strong advancement in the field of fault-tolerant control for robotic manipulators,
bridging theoretical innovation with practical applicability.
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